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posterior position in the animal: abdominal neuroblastsRegion-Specific Apoptosis Limits
are mitotically quiescent for a longer period prior toNeural Stem Cell Proliferation postembryonic neurogenesis and they stop dividing be-
fore the thoracic neuroblasts. What halts the prolifera-
tive activity of neuroblasts and, consequently, the num-
ber of neurons that they generate? One possibility isRegulation of stem cell division is of particular interest,
cell cycle arrest (Durand and Raff, 2000; Edlund andboth for studies of development and for stem cell ther-
Jessell, 1999), while a second is programmed cell deathapeutics. In this issue of Neuron, Bello et al. show that
(Kuan et al., 2000).the number of divisions of Drosophila neural stem cells
Bello et al. have taken great advantage of the techno-is limited, in a region-specific manner, by regulated
logical advances since the study of Truman and Bateapoptosis in response to a pulse of expression of the
(1988) to follow the lineage of individual pNBs in vivoHox gene abdominal-A (abdA).
during larval development. The authors use the MARCM
technique of clonal analysis (First Figure; Lee and Luo,In the developing central nervous system of both verte-
1999) to count the number of neural progeny in thebrates and invertebrates, there are regional differences
thorax as compared to the abdomen. Larvae expressin the number and type of neurons produced. What
GAL4 ubiquitously and carry a GAL4-responsive trans-regulates the proliferative capacity of neural stem cells
gene encoding a reporter protein, either nuclearin these different regions? In tissue culture, mammalian
-galactosidase or membrane bound GFP. Transcrip-stem cells are able to divide more frequently than they
tion of the transgene is repressed initially by GAL80,would in the whole organism. To address the question
which is expressed throughout the larva. The GAL80of how stem cell division is regulated, therefore, it is
gene is then removed from individual cells by FLP-FRT-advantageous to study stem cells in situ, where they
induced mitotic recombination, allowing expression ofare subject to the physiological signals that regulate
the reporter in the neuroblast and its progeny (First Fig-their mitotic potential. Bello et al. (2003 [this issue of
ure). This recombination event can also be used to pro-Neuron]) have begun to unravel the mechanisms that
duce labeled clones that are homozygous for a given
limit the proliferative capacity of neural progenitors by
mutation or that express a second GAL4-responsive
following individual neural stem cells and their progeny
transgene. With this technique, Bello et al. show that
in vivo. They have chosen a model system, the Drosoph-
on average each thoracic neuroblast gives rise to 60
ila larva, in which the behavior of neural stem cells and
progeny, in accordance with the estimates of Truman
the number of neuronal progeny they produce is regu-
and Bate (1988). In the abdomen, they were able to
lated along the antero-posterior axis of the animal. This follow each of the three well-separated and easily identi-
comprehensive study demonstrates that one reason ab- fiable pNBs, vm, vl, and dl (Second Figure Part A). vl
dominal neuroblasts are limited in their proliferative ca- and vm generate an average of only four neurons, while
pacity is that they undergo programmed cell death at a dl produces nine.
specific developmental time point. Region-specific apo- When analyzing the abdominal lineages, Bello et al.
ptosis is induced by the Hox gene abdA, which is differ- observed that although all three abdominal neuroblasts
entially expressed along the antero-posterior axis of the become mitotically active at 48 hr, surprisingly, by 72
larva (First Figure). In the absence of either abdA or the hr of larval development, some clones no longer contain
proapoptotic genes reaper, hid, and grim, abdominal a pNB. At 96 hr, none of the abdominal pNBs can be
NBs are rescued from cell death and continue to prolif- seen in BrdU-labeled clones. What is the fate of these
erate. pNBs: do they become quiescent, do they differentiate,
Most neurons in the adult Drosophila nervous system or do they undergo programmed cell death? Bello et
arise from neural precursors called postembryonic neu- al. were able to demonstrate by TUNEL that the pNBs
roblasts (pNBs). These cells persist after embryogenesis undergo apoptosis about 24 hr after they become mitoti-
in a quiescent state and later reactivate during larval cally active. What would be the fate of the abdominal
development (Prokop and Technau, 1991; Truman et al., pNBs if they did not die? Would they become mitotically
1993). Active pNBs then divide in a stem cell fashion, quiescent, or could they continue to divide asymmetri-
regenerating themselves as they produce each daughter cally? Bello and colleagues were able to test this by
cell, or GMC. The GMCs divide only once to give two examining the pNBs in larval clones that lack the cell
postmitotic neurons. The number of neurons in a given death genes reaper, hid, and grim. They find that the
segment of the adult CNS is determined by several fac- abdominal pNBs persist and continue to divide, giving
tors: the number of pNBs that persist after embryogene- rise to an average 34 neuronal progeny, as opposed to
sis; the developmental time point at which these cells the 5 seen in wild-type clones. Therefore, as for mamma-
resume mitotic activity; the rate at which they divide; lian stem cells in culture, postembryonic neuroblasts
and the point at which they cease division. In 1988, have the capacity for continued divisions if they are not
Truman and Bate (Truman and Bate, 1988) labeled divid- forced to undergo cell death.
ing neuroblasts with BrDU and showed that the time What controls this region-specific and temporally reg-
window in which each neuroblast divides and the num- ulated induction of apoptosis? Unlike abdominal pNBs,
thoracic pNBs do not undergo stage-specific apoptosis.ber of progeny it produces depends upon its anterior-
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The MARCM Technique for Clonal Analysis
In Vivo
Based on this region-specific difference in programmed sion of abdA alone may be sufficient to instigate pro-
grammed cell death. When abdA is expressed ectopicallycell death, Bello et al. investigated the role of the Hox
genes in pNB development. Hox genes encode homeo- in the thorax, where abdA is not normally transcribed,
thoracic pNBs are eliminated and the size of neuronaldomain proteins that dictate cell identities along the
antero-posterior axis of an animal (First Figure; Mann clones is reduced from 58 to 20. Cell death genes act
downstream of abdA, as in their absence abdA is noand Morata, 2000; McGinnis and Krumlauf, 1992). Earlier
studies by Prokop et al. (1998) implicate abdA in regulat- longer able to promote apoptosis. Intriguingly, the neu-
ronal progeny in MARCM clones misexpress abdA yeting segment-specific levels of pNB proliferation. Here,
Bello et al. show that in the absence of postembryonic do not undergo apoptosis, suggesting that postmitotic
neurons are immune to abdA-induced cell death.abdA expression, the pNB survives and abdominal
clones are expanded, a result similar to that seen in Bello et al. also tested whether other Hox genes can
induce apoptosis. Interestingly, and surprisingly, ec-clones lacking the cell death genes (Second Figure).
If abdA is responsible for pNB apoptosis, then expres- topic expression Ubx and Antp can also induce apopto-
sis of thoracic pNBs. This poses a bit of a conundrum
as both Ubx and Antp are expressed in the thorax, and
yet the pNBs survive. Why then do thoracic pNBs not
undergo apoptosis? Bello et al. follow single pNB clones
in vivo and show that although Antp and Ubx are ex-
pressed in the postmitotic cells surrounding the thoracic
pNBs, neither of these Hox genes is expressed in the
thoracic pNBs themselves.
abdA is therefore both necessary and sufficient for
pNB apoptosis. A pulse of abdA expression is observed
in the abdominal pNBs at 60–66 hr of development, but
not in their daughter GMCs. Neuroblasts in both M phase
and interphase express abdA. Therefore, abdA expres-
sion is not confined to a specific part of the cell cycle,
but to a specific developmental stage. Does the timing of
abdA expression set the time of apoptosis? The authors
demonstrate that a transient pulse of abdA expression
(from a hs-abdA transgene) results in smaller neuronal
clones. Thus, the time of abdA expression sets the num-
ber of stem cell divisions.
The Hox genes Deformed and Abdominal-B have re-
cently been shown to shape segments in the head by
selectively activating reaper and thereby promoting pro-
grammed cell death (Lohmann et al., 2002). Here, Bello
et al. have shown convincingly that Hox genes can regu-
late the number of neural stem cell divisions, and thus
limit the number of their neuronal progeny. The study
also raises some very intriguing questions. abdA is ex-
pressed in pNBs, but not their daughter GMCs. Does
abdA activate apoptosis only in pNBs, or can it also
initiate programmed cell death in GMCs? Is the GMC
susceptible, and only protected because abdA is not
expressed there? Bello et al. have shown that abdA can
Regional Hox Gene Expression Limits Neural Stem Cell Proliferation be ectopically expressed in postmitotic neurons, but
they do not die. Does a cell need to be actively dividingPart A adapted from Bello et al. (2003), Figure 3.
Previews
187
to succumb to abdA-induced apoptosis? What protects Feeding Hungry Neurons:
postmitotic neurons from cell death? Astrocytes Deliver Food for ThoughtNeuronal numbers are controlled by several other
postembryonic mechanisms that merit further investiga-
tion. Abdominal pNBs initiate mitosis later than thoracic
pNBs (Truman and Bate, 1988). What controls their reen- Among the proposed roles for astrocytes in the CNS
try into division cycles? In addition, although all three is nutritive support for neurons. In this issue of Neuron,
abdominal neuroblasts have a similar period of mitotic Voutsinos-Porche et al. provide evidence that astro-
activity, dl gives twice the neuronal progeny of vm or cyte uptake of synaptic glutamate triggers astrocytic
vl. These data suggest that dl may divide more rapidly glycolysis and release of lactate, which in turn nour-
than vm and vl. Bello et al. suggest that the dorso- ishes neurons and sustains neuronal activity.
ventral patterning genes may control this aspect of de-
velopment. Despite increasing attention to astrocyte function, we
Finally, the study of Hox genes in other systems has remain woefully ignorant of the number and depth of
led to the concept of cellular memory: once a Hox gene interactions between neurons and astrocytes. Astrocytes
is activated, its expression is maintained in all of the in many brain regions outnumber neurons by as many as
progeny of that lineage (Ringrose and Paro, 2001). Here, ten to one and are often positioned strategically be-
Bello et al. show that it is imperative that Hox gene tween the blood supply and important neuronal signal-
expression is downregulated after embryogenesis. The ing components. Such structural arrangements suggest
abdominal pNBs then only get a pulse of abdA expres- a nutritive role for astrocytes, but direct functional infor-
sion later in development at the appropriate time for mation about the nature of their interaction is only now
neuroblast apoptosis. Therefore, a different mode of becoming clear. Voutsinos-Porche et al. (2003), in this
Hox gene regulation is in operation here. What regulates issue of Neuron, provide some key information on the
the pulse of abdA expression? Can other Hox genes be functional relationship between neuronal activity and
regulated in a similar fashion, and do they play a similar CNS energy utilization.
role in regulating cell proliferation? These questions are Previous work by Pellerin and Magistretti using cul-
especially interesting given heterotopic transplantation tured astrocytes laid the foundation for the present
experiments that suggest that pNB lineages are deter- study (Pellerin and Magistretti, 1994). This earlier work
mined during embryogenesis (Prokop et al., 1998). showed that glutamate uptake stimulates glycolysis and
lactate production in astrocytes. A specific model was
hypothesized based on the results (Pellerin and Magis-
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